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Proteorhodopsin phototrophy is expected to have considerable impact on the ecology and biogeochemical
roles of marine bacteria. However, the genetic features contributing to the success of proteorhodopsin-
containing bacteria remain largely unknown. We investigated the genome of Dokdonia sp. strain MED134
(Bacteroidetes) for features potentially explaining its ability to grow better in light than darkness. MED134 has
a relatively high number of peptidases, suggesting that amino acids are the main carbon and nitrogen sources.
In addition, MED134 shares with other environmental genomes a reduction in gene copies at the expense of
important ones, like membrane transporters, which might be compensated by the presence of the proteorho-
dopsin gene. The genome analyses suggest Dokdonia sp. MED134 is able to respond to light at least partly due
to the presence of a strong flavobacterial consensus promoter sequence for the proteorhodopsin gene. More-
over, Dokdonia sp. MED134 has a complete set of anaplerotic enzymes likely to play a role in the adaptation
of the carbon anabolism to the different sources of energy it can use, including light or various organic matter
compounds. In addition to promoting growth, proteorhodopsin phototrophy could provide energy for the
degradation of complex or recalcitrant organic matter, survival during periods of low nutrients, or uptake of
amino acids and peptides at low concentrations. Our analysis suggests that the ability to harness light
potentially makes MED134 less dependent on the amount and quality of organic matter or other nutrients. The
genomic features reported here may well be among the keys to a successful photoheterotrophic lifestyle.
Sunlight is the principal source of energy in the biosphere
and organisms have evolved means to harvest it. In the pho-
tosynthetic complexes of plants and bacteria, chlorophyll and
carotenoid molecules absorb light and convey the energy to
reaction centers for energy transformation. Compared to these
complexes, proteorhodopsins (PRs) are relatively simple mem-
brane proteins, composed of a single protein with retinal as the
light absorbing molecule, which function as H pumps when
exposed to light. The H gradient can then be dissipated to
generate ATP, propel flagella, or transport substrates inside
the cell. Thus, an array of possible functions has been proposed
for PR (18, 43, 82).
The gene for PR was first found in DNA fragments directly
obtained from seawater and later found to be abundant and
diverse (6, 74). Single-cell genomes have also established the
presence of the PR gene in environmental marine bacteria
(70). Its function as an H pump for energy conservation was
demonstrated in Escherichia coli cells transformed with the PR
gene (43) and in Shewanella (29). However, few experimental
studies have examined the physiological and ecological role of
PR in bacteria. Among these, light did not make any difference
in the growth of PR-containing alpha- and gammaproteobac-
teria (21, 71). Therefore, the activity of this membrane protein
in marine prokaryotes may be other than growth enhancing,
such as promoting survival during times of scarce nutrients (24,
69). Nevertheless, light-dark cycles have been shown to result
in upregulation of PR gene expression and growth of natural
populations of flavobacteria from coastal samples (38). Work-
ing on the PR-containing model organism Dokdonia sp. strain
MED134, Go´mez-Consarnau et al. (23) were the first to di-
rectly show that marine bacteria can use PR phototrophy to
grow better in light than in the dark, although only under
nutrient-deprived conditions. As expected, the genes that en-
code the apoprotein and enzymes needed to synthesize retinal
were found. Key amino acid positions are conserved in
MED134 PR to function as an H pump that absorbs green
light, as in environmental Bacteroidetes sequences. Laser flash
photolysis and absorption spectra confirmed these predictions
(23). Subsequent studies of Dokdonia sp. MED134 also sup-
port these findings and further demonstrate that the transcrip-
tion of the opsin gene (prd) and retinal synthesis genes is also
enhanced in response to light (34). Dokdonia sp. MED134
remains the only PR-containing bacterium thus far shown to
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use light to increase its growth. Therefore, using Dokdonia as
a model organism has the potential to shed light on the bio-
logical function of this highly abundant membrane protein in
aquatic environments.
Dokdonia sp. MED134 is a representative of the phylum
Bacteroidetes, an abundant, widespread, and diverse group of
bacteria in the ocean. They seem especially abundant on sus-
pended particles compared to free-living prokaryotic commu-
nities (14) and respond faster than other bacteria to sporadic
nutrient increase, such as during algal bloom decays (52, 61).
Members of the phylum have some distinctive features, such as
gliding motility over surfaces, a characteristic that has made
them model organisms for biochemistry and molecular biology
studies (44–45). Bacteroides have also been model organisms
for research into their unique mechanism of attachment and
degradation of polymeric substances (2–3). This mechanism
for the efficient degradation of particulate organic matter is
common to marine Bacteroidetes based on whole-genome anal-
ysis of isolates (4, 25). Genome analysis has therefore brought
forward hypotheses on the role of Bacteroidetes in marine bio-
geochemical cycling. However, these hypotheses have only
been tested in a few cases.
The genome sequence of MED134 opens up the possibility
of studying the effect of light on the growth and genetic rep-
ertoire of an organism with a PR-based metabolism. Genome
analysis could provide information about the genes potentially
involved in the strong light response of MED134, since it is
crucial to identify genomic features characteristic of these pho-
totrophs. It will also aid in understanding the light response, or
lack of it, among other bacteria containing PR genes. Here we
analyze the genome of MED134 to better understand the po-
tential benefits of PR phototrophy in the ecology and biogeo-
chemical role of marine bacteria.
MATERIALS AND METHODS
Isolation of flavobacteria. Bacteria were isolated from northwestern Mediter-
ranean Sea surface water (0.5-m depth), collected 1 km off the coast of Catalonia
at the Blanes Bay Microbial Observatory (41°40N, 2°48E; Spain). Strain
MED134 was isolated on Zobell agar plates.
Genomic sequencing and annotation. Whole-genome sequencing was done by
the J. Craig Venter Institute through the Gordon and Betty Moore Foundation
initiative in Marine Microbiology (https://research.venterinstitute.org/moore/).
Large (40 kb) and small (4 kb) insert random libraries were sequenced by the
Sanger method as described by Goldberg et al. (22) with an average success rate
of 92% and an average high-quality read length of 845 (large insert) and 874
(small insert) nucleotides. The completed genome sequence of MED134 con-
tains 33,792 reads, achieving an average of 9-fold sequence coverage per base.
The genome was finally assembled on one scaffold after alignment with the
genome of Krokinobacter sp. strain 4H-3-7-5 (35) using the MUMmer software
(37) before gap closure (Lifesequencing, Valencia, Spain).
Open reading frames (ORFs) were predicted and auto-annotated using
GenDB (48) and manually curated. Hidden Markov Models (HMMs) were used
to determine ORF membership in families and superfamilies using Pfam v25.0,
run with HMMER3 (16). A hit was considered valid if its score was equal or
bigger than the “gathering score” for the model.
Genes encoding candidate glycoside hydrolases, polysaccharide lyases, carbo-
hydrate esterases, and carbohydrate binding modules were detected by searching
for the PFAMs in the Carbohydrate Active Enzymes (CAZy; www.cazy.org)
database (10). Peptidases were detected by running all PFAMs against the
peptidase sequences in the MEROPS database (http://merops.sanger.ac.uk [59])
and manually extracting peptidase PFAMs. The resulting PFAMs were used to
detect the peptidases in the genomes. Bacteroidetes for sequence comparisons are
listed in Table S1 in the supplemental material. GC-Profile to detect variations
in GC content (20, 81), SIGI-HMM based on hidden Markov model algorithm
(75), and SeqWord Genome Browser to find oligonucleotide usage pattern
anomalies (19) were used to identify potential foreign DNA. PSORTb version
3.0.0 (80) was used to predict the localization of each predicted protein. Lipo-
proteins were identified using LipoP (30). When necessary, analysis was carried
out by customized Python scripts.
Predicted highly expressed genes. The method to predict a group of highly
expressed (PHX) genes in MED134 is based on the codon bias due to transla-
tional selection in these genes, as described in Puigbo` et al. (56, 57). First,
MED134 genes were evaluated for translational selection. Correspondence anal-
ysis of the Relative Synonymous Codon Usage (RSCU), traditionally used to
determine translational selection (51), was used to test whether there is codon
usage bias in the ribosomal protein genes compared to the rest of the genes in the
genome. In MED134, the group of ribosomal protein genes forms an indepen-
dent cluster in the first axis of the correspondence analysis (see Fig. S1 to S3 in
the supplemental material). Thus, the genome of MED134 is under strong
translational selection and a group of PHX genes were predicted. The group of
ribosomal protein genes was used as a seed, together with an iterative algorithm,
to define the PHX genes. The CAIrp (Codon Adaptation Index, using the mean
codon usage of ribosomal protein genes as a reference [64]) of each gene was
calculated (57). Genes with the highest CAIrp values were used as a reference set
to recalculate the CAI (Codon Adaptation Index using the mean codon usage of
PHX genes as a reference) values of all genes. This process was iteratively
repeated until a homogeneous group of PHX genes was reached.
Nucleotide sequence accession number. The sequences of Dokdonia sp.
MED134 can be accessed using GenBank accession number AAMZ00000000.
RESULTS AND DISCUSSION
Genome properties. Table 1 summarizes the properties of
the MED134 genome. The genome size (3,301,953 bp) is in the
lower average range for nonsymbiotic Bacteroidetes, which var-
ies from 9.8 Mb (Microscilla marina) to 3 Mb in the case of
Polaribacter spp. Notably, the majority of free-living hetero-
trophic marine bacteria with smaller genomes are members of
the SAR11 group (1.3 Mbp), but also the environmental
flavobacteria genomes MS024-2A and MS024-3C are esti-
mated to have smaller genomes (1.9 and 1.5 Mbp, respectively;
see Table S1 in the supplemental material) (77). The number
of conserved genes in MED134, however, was similar to that of
Bacteroidetes with larger genomes and consequently, COG
analysis showed that MED134 contained 170 of the 213 core
genes described for bacteria in Bratlie et al. (8), which is within
the range of most Bacteroidetes (166 to 176). Our analyses
indicate that MED134 and other marine Bacteroidetes with PR
genes have a remarkably low fraction of paralogous genes
TABLE 1. General features of the Dokdonia MED134 genome
Parameter Value
No. of bp ......................................................................................3,301,953
GC content (%) ....................................................................... 38
Coding density (%) ..................................................................... 91
No. of:
Predicted protein coding genes ............................................. 3,008
Predicted proteins with putative function............................ 1,907
Conserved hypothetical proteins ........................................... 921
Unknown proteins unique to MED134................................ 180
tRNAs....................................................................................... 43
Structural RNAs...................................................................... 6
rrn operons ............................................................................... 3
Genes in paralogous clusters ................................................. 417
Lipopeptides............................................................................. 252
Proteins with signal peptide................................................... 451
Transporter-related proteins.................................................. 109
Peptidases................................................................................. 106
Glycosyl hydrolases ................................................................. 18
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(average 13.7%) compared to other marine Bacteroidetes (see
Table S1 in the supplemental material) (77). Thus, compared
to nonphototrophic counterparts, the phototrophic Bacte-
roidetes have reduced genomes at the cost of a reduced number
of genes within each paralogous gene family but retain a sim-
ilar number of gene families. The MED134 genome contains
three rRNA operons (Fig. 1), each with a copy of the 5S, 16S,
and 23S rRNA genes, as well as 43 tRNA genes and six struc-
tural RNA genes. The latter include, as predicted by Rfam
(http://rfam.sanger.ac.uk), one RNase P class A, one transfer-
mRNA (tmRNA), one signal recognition particle RNA (SRP
RNA), and three riboswitches, cobalamin, S-adenosylmethio-
nine (SAM), and thiaminepyrophosphate (TPP). Both cobal-
amin and TPP riboswitches target TonB-dependent transport-
ers (MED134_04109 and MED134_10161, respectively), and
the SAM riboswitch targets metK (methionine adenosyltrans-
ferase; MED134_00225). The tmRNA in particular is ex-
pressed at high copy in Dokdonia sp. MED134 in response to
low nutrients (34) and is likely to have a role in the recycling of
proteins under stress conditions when the genes are not prop-
erly translated (15).
Physiology. Analysis of the MED134 genome confirmed a
strictly aerobic type of heterotrophic metabolism. The Emb-
den-Meyerhof-Parnas pathway, gluconeogenesis, and the tri-
carboxylic acid (TCA) cycle were complete (see Table S2 in the
supplemental material). No mechanism for autotrophic growth
or alternative sources of reducing power other than organics
were identified. As expected for marine bacteria (36),
MED134 has an Na-translocating NADH:quinone oxi-
doreductase as the main positive ion membrane pump. Thus,
marine bacteria such as MED134 typically use an Na gradient
for energy conservation (i.e., in the first step of the respiratory
chain) rather than using an H gradient like in most nonma-
rine bacteria (26). This Na gradient can also be used to
transport substrates inside the cell or to exchange for H
through the Na/H antiporters (two such antiporters are
present in MED134). Na/H exchangeability through anti-
porters is a common feature in bacteria able to pump both ions
for energy conservation (26). Considering that the respiratory
electron chain pumps mostly Na, while the PR pumps exclu-
sively H instead, the bioenergetics of the cell should be dif-
ferent when the bacterium grows in light versus darkness. For
example, the ATPase activity relies on the Na/H antiporter
activity when the bacterium grows in darkness, since the respi-
ratory chain is pumping both ions. Likewise, some substrates
enter the cell through an Na- or H-gradient based trans-
porter. Kimura et al. (34) recently provided evidence that Na-
transport related genes, as well as prd and genes involved in
retinal biosynthesis, are upregulated in the presence of light.
Switching between light and darkness should change the bal-
ance of the Na/H gradients for energy conservation, and the
cell environment might thus have a regulatory role over genes
not obviously otherwise connected to the light response.
In addition, MED134 does not encode a bc1 complex (com-
plex III) in the respiratory chain. Like other aerobic Bacte-
roidetes, instead it has the four genes that encode a
menaquinol:cytochrome c oxidoreductase (alternative complex
III; MED134_11366-MED134_11381) (46). The genes for the
synthesis of menaquinones are also present, as are the genes
encoding cytochrome c, cytochrome c oxidase, and ATP syn-
thase. ccoNOQP encode a cbb3-type cytochrome oxidase,
which has a very high affinity for O2 and allows respiration
under low-O2 levels (55). This would allow MED134 to man-
age transiently low-O2 tension microniches, which have been
suggested to form in particles due to active metabolism and
low O2 diffusion rates (53).
MED134 contains an unexpected number of enzymes in-
volved in anaplerotic metabolism (Fig. 2). Anaplerotic en-
zymes replenish the TCA cycle by the carboxylation of three-
carbon compounds (pyruvate or PEP) to four-carbon TCA
cycle intermediates (malate or oxaloacetate). Restoration of
TCA cycle intermediates is necessary when precursors are
taken up for biosynthesis. This is the case when the bacterium
has a surplus of energy in the form of an H gradient. The PR
activity generates this gradient, and the carbon flow should go
toward biosynthesis and less to oxidation (with CO2 as the final
product), making the metabolism more efficient in the pres-
ence of light. Genes for four different anaplerotic enzymes are
present in MED134 (i.e., PEP carboxykinase, pyruvate carbox-
ylase, PEP carboxylase, and malic enzyme). A SulP-type Na-
dependent bicarbonate transporter is also present, and a car-
bonic anhydrase interconverts CO2 and HCO3
 to ensure that
they are not limiting substrates for the anaplerotic enzymes.
A mixotrophic CO2 assimilation pathway was proposed in
the bacteriochlorophyll a containing alphaproteobacterium
Roseobacter denitrificans in which malic enzyme takes most
of the carbon flow (72). The main anaplerotic enzyme in
MED134 is not yet known, although it could vary depending on
the conditions. Malic enzyme relies on NADP/NADPH to
FIG. 1. Schematic circular representation of the Dokdonia sp.
MED134 genome sequence. Outer ring, sequence address in nucleo-
tides (Mbp). The green ring shows matches to Krokinobacter sp. 4H-
3-7-5 based on BLASTP reciprocal best hits; red shows the location of
the predicted genome islands and cyan the position of the prd and blh.
The blue rings show the location of the identified genes in the positive
and negative strands. The next ring shows tRNA in pink and rRNA in
black. Black ring, deviation from the average %GC. Inner ring, GC
skew (GC)/(GC).
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function while pyruvate carboxylase depends on ATP; there-
fore, the carbon flow might take one route or another accord-
ing to the balance of energy and reducing power in the cell. In
any case, anaplerotic reactions in MED134 should make the
bacterium more versatile to adapt its carbon flux to different
substrates and growth conditions and thus maximize resource
utilization. Such conditions include growth in light versus dark-
ness or on energy-rich substrates versus largely oxidized or-
ganic material. This would be potentially of major importance
for efficient use of resources in a carbon-limited marine envi-
ronment, since it would allow bacteria to use assimilated or-
ganic carbon economically, primarily for biosynthesis.
Utilization of high-molecular-weight compounds. Particu-
late material is an important component in the turnover and
sinking flux of carbon in the ocean (65). Particles harbor a
dense prokaryotic population in which Bacteroidetes are key
players (14). Bacteroidetes in general, and flavobacteria in par-
ticular, are important in the degradation of organic matter
during phytoplankton bloom conditions (52, 61). Accordingly,
genome analysis implies that particle attachment and growth
on high-molecular-weight organic matter is characteristic of
marine Bacteroidetes isolates (4, 25, 58). Bacteroidetes genomes
included in the present study stand out over those of other
phyla for the large number of proteins predicted to be secreted
and those that contain a lipoprotein signal. Attachment of
marine Bacteroidetes may be through lipoproteins functioning
as adhesins, and both lipoproteins and secreted proteins may
participate in the degradation of polysaccharides and peptides
for obtaining both carbon and energy. MED134, in particular,
contains 451 proteins predicted to be secreted (15%) and 252
lipoproteins (8.4%). Among the secreted proteins, 39 are pre-
dicted to be peptidases (8.6%) and 12 are predicted to be
glycosyl hydrolases (2.7%). The export of proteins across the
cytoplasmic membrane is mediated by the Sec-dependent se-
cretion pathway and twin-arginine transport system (complete
set of genes present). Secretion of proteins across the outer
membrane might also be mediated by the type II secretion
system, since several components are found, i.e., gspDEFG and
possibly gspJ, but not gspCHKLMO.
Proteins with cell surface adhesion domains could be in-
volved in polymer breakdown by Bacteroidetes. The MED134
genome contains 41 proteins with at least one cell-cell or cell-
surface interaction domain. Some of these adhesion domains
are found in the predicted peptidases and glycosyl hydrolases,
suggesting that attachment to the polymeric substrate and deg-
radation are tightly linked. Proteins larger than 2,000 amino
acids are likely to participate in attachment or gliding motility
in Bacteroidetes (50). Notably, large proteins (13 of those pre-
dicted) covered 3.2% of the MED134 genome. These contain
numerous internal repeats, adhesion domains or Ca2-binding
motifs that are known to participate in attachment to surfaces.
They are predicted to be extracellular, and their isoelectric
point is acidic (2.2 to 4.2), which is consistent with protein
stabilization and adaptation to salinity (average isoelectric
point for the MED134 proteome was 6.8) (39). Two of them
contain peptidase domains and therefore are likely to be in-
volved in the degradation of extracellular peptides for carbon
and energy. In comparison, the environmental genome
MS024-2A contains six of these large proteins, whose genes
cover 2.9% of its genome. This is an unusually high proportion
for bacteria in general, but our analysis revealed that it is
characteristic of other Bacteroidetes, including the marine spe-
cies.
Exopolysaccharides produced by MED134 can also be ex-
pected to be involved in nonspecific attachment to particles;
the genome encodes 44 predicted glycosyl transferases, of
which 15 belong to family 1, 27 belong to family 2, and 1
belongs to the exostosin family. In addition, 12 proteins are
predicted to encode polysaccharide biosynthesis and export
proteins. These genes were arranged in clusters along with
enzymes for the Wzy-dependent pathway for polysaccharide
biosynthesis. Three such clusters span MED134_05924 to
MED134_06039, MED134_09366 to MED134_09426, and
MED134_13546 to MED134_13686. Genome analysis suggests
that both receptor recognition and biofilm formation are in-
volved in binding to surfaces.
The MED134 genome contains 106 predicted peptidases
(3.5% of the proteins), although some of these are likely to be
involved in processes such as internal protein turnover or pep-
tidoglycan biosynthesis. A search for peptidases in 1,380 pro-
karyotic genomes in GenBank revealed that MED134 ranked
at position 19 among these genomes, with the highest fraction
of peptidases per total number of proteins (the average frac-
tion of peptidases in all GenBank genomes was 2.3%). A total
of 33% of the peptidases are predicted to be cytoplasmic, while
the remainder contain a signal peptide, transmembrane do-
mains, or a lipoprotein signal. Another bacterium with a pro-
portion of peptidases as high as MED134 is Idiomarina loihien-
sis, which is known for its amino-acid-based metabolism (28).
As expected, MED134 readily hydrolyzed gelatin as assayed as
described by Baumann and Baumann (5). The environmental
flavobacteria genomes MS024-2A and MS024-3C also contain
a similar fraction of proteins predicted to be peptidases (3.6%
in each case).
Examination of the MED134 genome identified 13 glycosyl
hydrolase genes of diverse families. In addition to glycosyl
FIG. 2. Enzymes involved in MED134 anaplerotic metabolism. En-
zymes that connect glycolysis/gluconeogenesis with the TCA cycle di-
rect the carbon flux through the main metabolic pathways. These
reactions are involved in the regeneration of precursors in the TCA
cycle.
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hydrolases, MED134 contains 12 carbohydrate esterases re-
sponsible for hydrolysis of carbohydrate esters but lacks poly-
saccharide lyases. One protein with a sulfatase domain and a
lipoprotein signal was also found in MED134, which may well
be involved in the degradation of complex polysaccharides.
Although not completely understood, the ability to degrade
polysaccharides in the model Bacteroidetes species Flavobacte-
rium johnsoniae and Cytophaga hutchinsonii is dependent on
the ability to glide over surfaces (9, 12, 78). MED134 moves by
gliding motility, although slowly on Zobell agar plates, and the
gliding motility genes glgABCDGHIJKLMO were indeed iden-
tified.
A distinctive characteristic of well-studied Bacteroidetes is a
system to degrade complex particulate organic matter in a
manner where adhesion and degradation are tightly coupled
for efficient utilization (2, 3). A potentially important set of
proteins for degrading polysaccharides is the sus system, where
the susC and susD elements are key components. SusC is a type
of TonB-dependent receptor, which forms a channel through
the outer membrane and SusD interacts with SusC and the
polysaccharide. MED134 contains 31 susC homologs, with four
of them located in tandem with susD homologs. It has been
suggested that susC that are not in tandem with susD also have
a function in sugar scavenging (7). In addition, TonB-depen-
dent transporters were recently found to be abundant in oce-
anic bacterial communities, and it was put forward that energy
for nutrient uptake through such transporters might be pro-
vided by the H-pumping activity of PR exposed to light (49).
The strategy of Dokdonia sp. MED134 and other Bacteroidetes
to efficiently utilize the carbon sources and harness light energy
to take up scarce nutrients could thus be a widespread mech-
anism for nutrient acquisition in the ocean.
Self-transmissible elements. Horizontal gene transfer con-
tributes to the adaptation and survival of prokaryotes in the
natural environment. Transferred genes are frequently aggre-
gated into genomic islands, some of which might be essential
for the host. Three possible islands were found in the genome
of MED134 (Fig. 1), one of which spans MED134_03214 to
MED134_03314 and contains characteristics of a selfish ele-
ment that avoids its loss through a toxin-antitoxin system. The
second island (MED134_08411 to MED134_08546) includes
the only transposase gene in the genome. It is of the IS1 type
and is next to type II secretion system genes that are likely to
have been acquired by lateral gene transfer, since the closest
BLAST hits are to the fish pathogen Flavobacterium psychro-
philum JIP02/86, the alga killer Kordia algicida OT-1, and the
flavobacterium ALC-1. The third and largest island spans 55
kbp in MED134 (MED134_06859 to MED134_07079) and
contains genes present in conjugative transposons responsible
for antibiotic resistance in pathogenic Bacteroides (see Table
S3 in the supplemental material) (67). Conjugative trans-
posons mediate their own transfer but also mobilize other
genetic elements (63). This island contains genes involved in
transposon maintenance and mobilization but appears to have
lost most of the genes in the tra operon necessary for conju-
gative transfer. It also contains eight restriction/modification
genes, which should prevent losing this region (loss would
result in cell death). Our finding of the putative conjugative
transposon shows that this mechanism for exchanging genetic
information is present not only in Bacteroides spp. but also
might be involved in tailoring the genomes of marine flavobac-
teria.
MED134 prd, blh, and a blue light sensor gene are right next
to the conjugative transposon remnant (Fig. 3). The PR genes
in MED134, Krokinobacter 4H-3-7-5, and Dokdonia sp. PRO95
(60) have a different origin since the percent identity between
MED134 and 4H-3-7-5 is 73% and that between 4H-3-7-5 and
PRO95 is 97%. However, the 16S rRNA gene sequence iden-
tity among the three is 97.8% or higher (Fig. 4). This suggests
lateral gene transfer among flavobacteria. In addition, the PR
genes in MED134 and 4H-3-7-5 are located in different loci
(Fig. 5). Any flavobacterial genome that harbors genes for the
synthesis of carotenoids might become a phototroph by one
single event involving the syntenic genes blh and prd.
Sigma factors. The primary sigma factor in bacteria (RpoD
or 70), which binds to conserved sequences of strong promot-
ers, plays a critical role in regulating the initiation of transcrip-
tion and thereby also the expression of housekeeping genes
such as those involved in transcription and translation during
active growth. Somewhat unusually, MED134 encodes not one,
but two RpoD homologs. The first homolog, MED134_12871,
FIG. 3. PR gene neighborhood in the genome of Dokdonia sp.
MED134. Gene labels show gene products. tRNAs are commonly
involved in the integration of genomic islands (yellow). The BLUF
domain detects blue light and is right next to the beginning of the
genomic island that spans MED134_06859 to MED134_07079 and
contains conjugative transposon genes and restriction and modification
genes. Although the genomic island lacks the genes present in active
conjugative transposons in Bacteroides spp., restriction and modifica-
tion genes prevent the loss of this region. As in all other known
Bacteroidetes, prd (PR) and blh (-carotene 15,15-dioxygenase) are in
opposite directions. At the 3 end of prd, a rho-independent transcrip-
tional terminator was found (G  20.5 kcal/mol), making it a
monocistronic operon regulated at the transcriptional level. RpoD
promoter consensus sequences are indicated by green arrows. The
BLUF domain protein and GTP-dependent nucleic acid-binding pro-
tein genes are syntenic in bacteria. X-Pro dipeptidyl-peptidase (S15
family) is predicted to be noncytoplasmatic, since it contains a signal
peptide. The prolyl oligopeptidase protein family contains one trans-
membrane domain, and the M16 family peptidase is predicted to be a
lipoprotein. This suggests that these three types of peptidases are
involved in the degradation of peptides for growth. The transcription
regulator of the LuxR/FixJ family contains seven transmembrane do-
mains and a 7TMR-DISM domain, which is found in cell surface
receptors (1) and is therefore likely to respond to extracellular stimuli.
Gene arrangement in Krokinobacter sp. 4H-3-7-5 shows the position of
insertion of blh and prd.
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shares an amino acid sequence similarity as high as 93% with
the RpoD in the genome of F. johnsoniae UW101 and, since
key amino acids responsible for the recognition of the pro-
moter sequence are also conserved, it is most likely to recog-
nize the same 33/7 element consensus promoter sequence
as in F. johnsoniae UW101 (46). In F. johnsoniae, the con-
served promoter sequence is found 109 times, in most cases
upstream of housekeeping genes, but also upstream of genes
encoding TonB receptors, ABC-type transporters, and genes
related to polysaccharide degradation. Correspondingly, in
MED134, the same promoter consensus sequence was found
upstream of 75 genes, some of which were the expected house-
keeping genes (see Table S4 in the supplemental material).
Notably, however, the consensus promoter sequence was also
found upstream of the PR gene (containing also the expected
AT-rich regions within and upstream of the 33/7 element
consensus sequence in strong flavobacterial promoters [13,
17]). Further analysis showed that other PR-containing flavo-
bacteria with the F. johnsoniae RpoD homolog (Fig. 6) had the
promoter sequence upstream of carotenoid genes, which are
necessary precursors for synthesis of the PR cofactor, retinal.
The presence of the primary sigma factor for regulating the
expression of the PR gene strongly suggests that obtaining
energy through PR phototrophy is a central component in the
physiology/metabolism of strain MED134 and could poten-
tially also contribute to the observed strong ability of MED134
to utilize light for improving growth (23).
The second RpoD copy, MED134_05474, has a 69% amino
acid sequence similarity to the F. johnsoniae RpoD (Fig. 6) and
has some differences in key amino acids that recognize the
promoter sequence, which precludes identifying what genes
this RpoD copy regulates. Still, the mere fact that MED134 has
two copies of the primary sigma factor is remarkable. The
presence of several copies of RpoD is a characteristic of ma-
rine Bacteroidetes with large genomes, e.g., Zunongwangia pro-
funda (two copies; 5.1 Mbp) and BAL39 (three copies; 5.8
Mbp), but not all. For example, M. marina only contains one
copy in 9.8 Mbp. Indeed, multiples copies of RpoD, usually a
single-copy gene, is typical of marine bacteria with complex
developmental phases, such as cyanobacteria, myxococcales,
planctomycetes, or actinobacteria. Moreover, MED134 con-
tains the alternative  factors RpoN (54 [47]) and 15 extra-
cytoplasmic function family  factors. Alternative  factors
recognize different sets of promoter sequences compared to
primary  factors and are thus important for determining
which particular set of genes is expressed under particular
environmental conditions. A search of the MED134 genome
for the RpoN promoter consensus sequence revealed 31
matches (see Table S5 in the supplemental material). The list
of genes potentially regulated by RpoN includes those encod-
ing RecA, GrpE, GroES, GTP pyrophosphokinase, heat shock
protein HtpG, transporters, and a tetrahydrofolate biosynthe-
sis enzyme, as well as RpoN itself. This suggests that it is
involved in survival under stress conditions. In summary, the
presence of two different RpoD copies in MED134, which has
a relatively small genome and few paralogs, together with the
alternative sigma factors, could be a way to obtain metabolic
flexibility and successfully manage changes in growth condi-
tions, such as transient supplies of nutrients (e.g., following
algal blooms) in otherwise challenging oligotrophic/low-nutri-
ent marine environments.
Signal transduction and regulation of gene expression. The
Dokdonia genome tentatively encodes 67 signal transduction
proteins (2.23% of its proteins), similarly to other Bacte-
roidetes. Signal transduction proteins in MED134 include 57
two-component systems, eight HD-type phosphohydrolases
and two guanylate/adenylate cyclases. The transcriptional reg-
FIG. 4. Phylogenetic analyses of 16S rRNA gene and PR amino
acid sequences. Maximum-likelihood trees of the 16S rRNA gene
(A) and PR amino acid sequences (B) are shown. The trees show
representatives of the phylum Bacteroidetes with P. ubique HTCC1062
as an outgroup. The divergent phylogeny of the 16S rRNA gene and
PR protein sequences in Dokdonia/Krokinobacter suggests that the PR
gene was acquired via lateral gene transfer. The alignment was gen-
erated using CLUSTAL W2 (40) and then further edited with Gblocks
(11) to eliminate highly diverged regions. The maximum-likelihood
tree was inferred with RAxML (68) using the WAG substitution matrix
(implemented as “PROTCATWAGF”) in the case of protein se-
quences and GTR substitution matrix (implemented as “GTR-
GAMMA”) in 16S rRNA sequences. Numbers at nodes are bootstrap
values greater than 50 (100 replicates). The scale bar indicates substi-
tutions per site.
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ulators in the genome made up 3.6% of its proteins, a propor-
tion close to the average for marine Bacteroidetes.
MED134 would be expected to encode proteins to regulate
gene expression in response to light. The role of phytochromes
is well known in photosynthetic organisms. They respond to
the red or far-red region of the visible light spectrum at the
beginning of a regulatory cascade. MED134 has one phyto-
chrome gene next to a two-component signal transduction sys-
tem with PAS domains, which might also respond to light, and
its cognate response regulator. These light regulators are right
next to the RNA polymerase genes rpoBC and the ribosomal
protein genes rplKAJL (Fig. 7), which form a conserved super-
operon in bacteria (54). A search of GenBank genomes
showed that regulatory genes in its proximity are common in
prokaryotes. Adjacent genes in genomes, whose expressions
are not obviously connected or are not part of an operon, can
still be functionally linked (41–42). Therefore, finding a regu-
latory gene that responds to light in the phototrophic MED134
indicates that light could affect the expression of genes in the
neighborhood. prd and blh in both environmental genomes
MS024-2A and MS024-3C are also next to similar housekeep-
ing genes, in this case within a superoperon that contains the
RNA polymerase subunit gene rpoA, ribosomal proteins and
additional genes known to be the largest superoperon in bac-
teria (62). Since the phytochrome genes in MED134 and the
PR genes in the environmental genomes are next to highly
expressed genes, this proximity strongly implies that light is an
important factor in the lifestyle of these organisms.
Besides phytochromes, another candidate for gene regula-
tion in response to light is TspO. This regulatory protein is
involved in the expression of photosynthetic genes in organ-
isms such as Rhodobacter or Synechococcus. It is an integral
membrane protein found in all domains of life, including hu-
mans, although its function is enigmatic. It has five predicted
transmembrane segments and regulates photosynthesis gene
expression, although is also involved in nutrient stress in Si-
norhizobium meliloti. It binds benzodiazepin, tetrapyrrol, or
steroid-type molecules as part of its regulatory role but the
regulation cascade is not known. The role of this domain in
nonphotosynthetic organisms is not known. In MED134 tspO is
next to three genes in the mevalonate pathway for isopentenyl
diphosphate biosynthesis, a precursor of carotenoids, including
retinal. There is synteny for the same pathway in the two
environmental genomes MS024-2A and MS024-3C. In Polari-
bacter irgensii 23-P, tspO is not next to carotenoid genes but
within a cryptochrome/photolyase gene cluster. TspO is thus
likely to have a regulatory role that involves light response by
different types of genes in marine Bacteroidetes.
MED134 also contains three types of cryptochromes/pho-
tolyases: the animal cryptochrome and (6-4) photolyase family,
the DASH family, and the deoxyribodipyrimidine photo-lyase
class I. However, ORFs annotated as cryptochromes in bacte-
rial genomes are not likely to be the beginning of a regulatory
mechanism in response to light, since this function has not
been proven (73). Instead, these proteins most probably func-
tion as photolyases for DNA repair after UV damage, by using
a photon of blue light to catalyze the reaction. This type of
repair mechanism is frequently found in genomes of surface
seawater prokaryotes (66). Finally, a BLUF domain that de-
tects blue light is situated in a gene that is five genes away from
prd and blh (Fig. 3). The proximity of prd and the BLUF
domain gene might also indicate similar functional and regu-
latory contexts. Overall, the genome analysis indicates a num-
ber of mechanisms for responding to extracellular stimuli, light
being a special case. Although the physiological responses that
light induces are not yet known, as expected, light sensing and
phototrophy seem to go hand in hand as we elucidate the
lifestyle of MED134.
Predicted highly expressed genes. The prediction of such
genes is an approach to investigate gene expression and
regulation in specialized physiological groups of microor-
ganisms. Of the ORFs expected to encode proteins larger
than 100 amino acids, a total of 118 genes (4.4% of ORFs)
in MED134 were PHX (see Table S6 in the supplemental
material). This proportion is low compared to most previ-
ously analyzed genomes. Such a low proportion is only
FIG. 5. Global alignment of Dokdonia sp. MED134 and Krokinobacter sp. 4H-3-7-5 as visualized by Mummerplot. Blue indicates a reverse
complement match. Positions of the genomic islands detected in MED134 are indicated on the right. 4H-3-7-5 (Krodi_2220) and MED134 PR
genes are not located at the same positions in their genomes. MED134 and 4H-3-7-5 share 2452 proteins based on BLASTP reciprocal best hits
(82% of proteins in MED134; minimum percent identity set at 30, minimum coverage at 70% and maximum E-value at 1).
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found in large genomes (31). For fast-growing bacteria, such
as E. coli, a larger proportion of genes are PHX, including
genes involved in glycolysis and TCA cycle genes (31–32).
MED134 generation time is 5 h in artificial seawater
amended with yeast extract and peptone to 0.34 mM final C
concentration at 21°C as in Go´mez-Consarnau et al. (23).
This is 8-fold faster than that reported for Pelagibacter
ubique but slower than fast-growing species commonly used
in the laboratory in rich media. The presence of six PHX
genes in the TCA cycle of MED134, a slow-growing bacte-
rium, may be because PR-containing bacteria depend on the
TCA cycle not only for ATP production but also as a major
source of precursors for carbon anabolism. The overall PHX
pattern shows features that are found in both fast- and
slow-growing bacteria. For example, only 27 ribosomal pro-
teins were PHX, which is typical of slow-growing organisms,
considerably lower than the average of 38 for bacterial ge-
nomes (33). However, genes that encode the RNA polymer-
ase subunits RpoB and RpoC are PHX in MED134, which is
a pattern typical of fast-growing organisms.
The MED134 genome contains three PHX genes for the
uptake of ammonia: Glu dehydrogenase (MED134_09951)
and Glu-ammonia ligase types II (MED134_03484) and III
(MED134_03489). As many as 15 transport genes are PHX.
Three susC and two susD genes are PHX. MED134_05219
(susC) and MED134_05214 (susD) are next to each other and
are surrounded by a number of peptidase but not glycosyl
hydrolase genes, suggesting that this sus system is involved in
the efficient degradation of peptides instead of polysaccha-
rides. The preprotein translocase, YajC subunit, and the pro-
tein-export membrane protein SecD genes were PHX, indicat-
ing that secretion plays a major role in the MED134 lifestyle.
Transporters. As was previously described for another PR-
containing flavobacterium (25), a relatively low number of
proteins seem to be involved in transport activity. A total of
109 ORFs were annotated as transporter related genes (3.6%;
see Table S7 in the supplemental material), whereas the aver-
age percentage for the bacteria in the TransportDB database is
5.9%. Bacteria in the TransportDB database with 100 trans-
porter genes or fewer were obligate symbionts, pathogens, or
autotrophs with reduced genome sizes. A large proportion of
the transporters are secondary transporters (63 proteins) and
ATP-binding cassette type (47 proteins). Transporters for
which the substrate is predictable include those for sugars,
FIG. 6. Maximum likelihood tree with the RpoD homologs from representative Bacteroidetes sequences. Box indicates F. johnsoniae RpoD
homologs that are likely to recognize the same 7/33 element consensus sequences (TANNTTTG/TTTG) separated by a spacer of variable
length, generally 19 to 21 nucleotides. Key amino acids that interact with the promoter sequence are conserved in the F. johnsoniae RpoD
homologs. A greater variability is found in the RpoD sequences outside of the boxed area. Locus tags are shown between parentheses. The
alignment was generated using CLUSTAL W2 (40) and edited with Gblocks (11) to eliminate highly diverged regions. The maximum-likelihood
tree was inferred with RAxML (68) using the WAG substitution matrix. The sequence of Cyanobium sp. strain PCC 7001 served as outgroup. The
numbers at the nodes are bootstrap values greater than 50 for 100 replicates. The scale bar indicates substitutions per site.
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amino acids, peptides, nucleosides, nicotinamide mononucle-
otide, metals, and other ions, as well as drug efflux proteins.
TonB-dependent transporters are involved in absorption
and concentration in the periplasm of substrates that are either
poorly permeable through the porin channels or encountered
at very low concentrations. Two of the TonB-dependent trans-
porters seem to be involved in the uptake of vitamins. Cobal-
amin and TPP riboswitches target MED134_04109 and
MED134_10161, respectively, both TonB-dependent trans-
porter genes, which indicates that their gene products are
regulated at the translational level by the amount of the vita-
mins cobalamin and thiamine, for which the biosynthetic path-
ways could not be reconstructed. MED134_10161 contains
both the consensus promoter sequences for RpoD and RpoN,
which indicates that its expression is important under different
growth conditions. The other components that interact with
TonB-dependent receptors and transmit energy from the H
motive force, TonB and ExbBD, are also present in the ge-
nome.
Iron is an essential nutrient and its acquisition is difficult due
to low solubility of Fe3 in aerobic environments. Conse-
quently, it is scarce in the marine environment or of limited
bioavailability. MED134 contains a number of mechanisms to
make use of different forms of this element. Siderophore syn-
thetic genes were not found but iron can enter the cell through
an ATP-binding cassette-type transport system or NRAMP
family type secondary transporter. In addition, two ORFs en-
code ferritin-like proteins for storage of iron and avoiding
oxidative stress. Iron metabolism is regulated by three Fur
proteins, one repressor, and FecR.
Heme is abundant in phytoplankton biomass, and bacteria
living in association with algal cells or their detritus have ac-
quired mechanisms to recycle iron in the form of heme (76). A
TonB-dependent outer membrane receptor has a high percent
identity with the heme uptake system of M. marina, an organism
known to take up heme (27). Once it is concentrated in the
periplasmic space, an ATP-binding cassette-type transport system
specific for heme carries it to the cytoplasm. Heme can then be
incorporated as it is or a heme oxygenase (MED134_02455) re-
moves iron for other cell needs. Dokdonia sp. MED134 also
contains a membrane attack complex considered to be a virulence
factor in Bacteroides (79), which might participate in the break-
down of algal cells for the release of nutrients (Fig. 8). Mecha-
nisms for the breakdown of eukaryotic cells and heme utilization
in MED134 add further evidence of a close interaction between
this flavobacterium and algal cells such as those in algal blooms,
which may thus represent sporadic but at times abundant sources
of not just biopolymers for growth but also iron.
Conclusions. Analysis of the MED134 genome revealed a
wide spectrum of genomic adaptations and their putative eco-
logical functions for marine Bacteroidetes. In addition to the
genes directly involved in PR phototrophy (e.g., prd and blh),
the analysis suggested that PR gene promoter strength, main
metabolic pathways, and signal transduction mechanisms in-
volving light, might all contribute to a positive response of
MED134 when exposed to light. The relatively high number of
peptidases suggests a preference for peptides over polysaccha-
FIG. 7. Phytochrome gene neighborhood in the genome of MED134. Gene labels show gene products. rps and rpl encode ribosomal proteins, and
rpoBC encode the RNA polymerase subunits  and , respectively. Genes such as nusG, tuf, and secE and tRNAs genes are frequently found to be
associated with RNA polymerase and ribosomal protein operons in bacteria. The first two-component sensor contains the following domains: CheB
methylesterase domain; the CheR methyltransferase, all-alpha domain; CheR methyltransferase, SAM binding domain; two PAS domains; His kinase
A (phosphoacceptor) domain; and His kinase-like ATPase. The second two-component sensor contains the domains: PAS_2 domain, GAF domain,
phytochrome, His kinase A (phosphoacceptor) domain, and His kinase-like ATPase. tRNAs are indicated in yellow. The RpoD promoter consensus
sequence is indicated by a green arrow. Stars indicate light sensors. The heme oxygenase and phytochrome genes are syntenic in Bacteria. Heme
oxygenase releases Fe2 and biliverdin from heme and biliverdin becomes the prosthetic group in the phytochrome.
FIG. 8. Putative gene cluster involved in the attachment and break-
down of eukaryotic cells. Curli-associated repeat proteins and CsgEFG
are involved in the assemblage of fibers for adhesion to surfaces and
cells and biofilm formation. Membrane-attack complex/perforin pro-
tein is a transmembrane protein that forms a pore in the eukaryotic cell
membranes described in pathogenic Bacteroides. The product of the
cluster could be involved in the attachment and lysis of algal cells. Blue
indicates predicted lipoproteins.
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rides for growth. The main metabolic pathways are adapted to
changes in the carbon flux when amino acids are converted in
TCA intermediates or light is used as an alternative energy
source. Interestingly, conjugative transposon genes were de-
tected, indicating that these genetic elements shape the ge-
nomes of marine Bacteroidetes. Indeed, phylogenetic analysis
of the PR gene suggested transfer events among flavobacteria.
Apparently, their genomes are prone to take up the PR gene to
improve their fitness. However, genome analysis also suggested
that the genetic repertoire of the recipient bacterium is likely
to determine the success of the new gene. The genomic anal-
ysis revealed unexpected and novel genetic features of PR-
containing marine Bacteroidetes and should facilitate further
research on light utilization mechanisms.
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